Abstract: Cyanobacterial blooms are increasing in waterbodies worldwide because of anthropogenic forcing. Most blooms occur at the water's surface, but some cyanobacterial taxa, such as Planktothrix, are able to modify their buoyancy to access more favorable growing conditions in deeper waters. Here, we used in situ fluorometry to examine the vertical distribution and biomass of Planktothrix in a seasonally anoxic reservoir for 3 consecutive summers. We also collected depth profiles of photosynthetically active radiation, temperature, and nutrients to evaluate which environmental drivers were most important for predicting Planktothrix biomass. In all 3 summers, Planktothrix dominated the phytoplankton community, exhibiting a large (concentrations~100 lg/L), persistent (lasting~100 d) bloom below the thermocline. The bloom consistently exhibited maximum biomass at or below the depth reached by 1% of surface light. Light availability probably was the most important factor driving the vertical distribution of the stratified Planktothrix bloom, and light, temperature, and nutrients together were strong predictors of cyanobacterial biomass in the hypolimnion, explaining 71 to 93% of the variation in biomass. Our data suggest that Planktothrix remained in the hypolimnion where nutrient availability was maximized, while progressing slightly upward in the water column through each summer in response to light limitation. Our findings demonstrate that Planktothrix can dominate in low light and anoxic conditions and can form persistent blooms that last for multiple months. As cyanobacterial blooms become more prevalent, monitoring cyanobacteria at the surface and at depth will become critically important in freshwater ecosystems.
Cyanobacterial blooms (i.e., a large aggregation of cyanobacterial biomass) are increasing in frequency and severity in freshwater lakes and reservoirs worldwide (e.g., Heisler et al. 2008 , O'Neil et al. 2012 , Visser et al. 2016 , resulting in detrimental consequences for water quality and ecosystem functioning because of their toxins, scums, and noxious odors (Paerl et al. 2001 , Ibelings and Chorus 2007 , Paerl and Otten 2013 . In addition, cyanobacterial blooms can affect freshwater food webs by altering nutrient availability and outcompeting other phytoplankton (Paerl and Otten 2013 , Carey et al. 2014 , Cottingham et al. 2015 . Therefore, understanding the factors controlling cyanobacterial dominance in freshwater ecosystems is important for managing water quality and ecosystem functioning.
Cyanobacteria with gas vesicles typically accumulate at the water's surface in thermally stratified waterbodies (Walsby et al. 1995 , Paerl et al. 2001 ), but some cyanobacterial taxa form dense populations in the metalimnia of lakes and reservoirs (Reynolds et al. 1987 , Walsby and Schanz 2002 , Kurmayer et al. 2016 . These blooms generally are situated at or above the depth reached by 1% of incident light reaching the water's surface, which is considered the minimum amount of light needed for photosynthesis (Ryther 1956 , Reynolds et al. 1987 , Mur et al. 1999 ). The depth reached by 1% of surface light is considered the approximate compensation point for phytoplankton growth, but some taxa adapted to life in deeper waters may be able to form populations below this depth (Reynolds 2006) .
Most research on cyanobacteria has focused on surface scums, and less is known about the cyanobacteria that accumulate in deeper waters (reviewed by Paerl et al. 2001) . These taxa are thought to modify their buoyancy to grow E-mail at relatively low light conditions at depth in thermally stratified systems to maximize access to nutrients in bottom waters and light availability/avoidance from above (Fee 1976 , Reynolds et al. 1987 , Mur et al. 1999 , Kurmayer et al. 2016 ).
The vertical distribution and biomass of deep-water cyanobacteria may be predicted by light and nutrient conditions, but the relative importance of these drivers remains unknown.
Planktothrix is a common cyanobacterial genus that forms dense metalimnetic populations (Camacho et al. 2000 , Walsby and Schanz 2002 , Reynolds 2006 . Reports of Planktothrix in the metalimnion of European lakes have been increasing during recent decades , Ernst et al. 2007 , Kurmayer et al. 2016 ), a situation of growing concern because some strains of Planktothrix can produce the toxin microcystin (Christiansen et al. 2003 , de Figueiredo et al. 2004 , Ernst et al. 2007 ). Toxins and secondary metabolites produced by Planktothrix may play a role in this taxon's ability to dominate an ecosystem (Kurmayer et al. 2016) . Planktothrix blooms can persist for several months (Lindholm et al. 1999, Dokulil and Teubner 2012) and can occur in anoxic metalimnia (Pasztaleniec 2004) . Understanding the environmental conditions promoting Planktothrix populations is important for preserving water quality and ecosystem functioning. Furthermore, identifying the factors controlling the incidence and depth of cyanobacteria in deeper waters, where blooms are not typically expected, would provide insight to the drivers of cyanobacterial dominance in freshwaters in general.
Increasing nutrient concentrations and seasonal hypolimnetic anoxia, arising from anoxic remineralization of N and P, may promote Planktothrix blooms in freshwater systems. Planktothrix is favored by high total P (TP) concentrations (Steinberg and Hartmann 1988, Anderson et al. 2002) and thermally stratified conditions, and requires an external N source because it is a non-N-fixing taxon. Many mesotrophic and eutrophic freshwater ecosystems experience anoxia in their bottom waters during summer stratification (reviewed by Jenny et al. 2016) , which can cause internal N and P loading from the sediments (Boström et al. 1988 , Sønder-gaard et al. 2003 . In these high-nutrient, anoxic systems, Planktothrix may have a competitive advantage over other phytoplankton. Planktothrix has the ability to alter its vertical position in the water column during stratified periods via buoyant gas vesicles (Reynolds et al. 1987 , Dokulil and Teubner 2000 , Walsby et al. 2004 and is adapted to low light levels via accessory photosynthetic pigments and increasing the concentration of pigments in each cell (Post et al. 1985 , Reynolds 2006 , Oberhaus et al. 2007 , Bonilla et al. 2012 . These traits enable it to remain in the metalimnion and to access nutrients available below the thermocline (Reynolds et al. 1987 , Kurmayer et al. 2016 .
As hypolimnetic anoxia becomes more frequent and severe because of anthropogenic activity (Jiménez Cisneros et al. 2014) , many lakes and reservoirs will experience increased internal nutrient loading (Søndergaard et al. 2003) , potentially increasing the incidence of Planktothrix blooms. These blooms could occur in both temperate eutrophic and mesotrophic lakes, where Planktothrix may already be increasing (Posch et al. 2012 , Kurmayer et al. 2016 . In addition, many waterbodies with a history of agriculture and high nutrient loading in their catchment may experience legacy effects of this land use that will increase their susceptibility to blooms of cyanobacterial taxa (e.g., Planktothrix) that can stratify deep enough to access internally released nutrients during summer stratification.
Most studies of Planktothrix ecology have been conducted with laboratory cultures (Walsby et al. 2004 , Oberhaus et al. 2007 , surface water samples (Rojo and Cobelas 1994, Briand et al. 2008) , or homogenized water-column samples (Rücker et al. 1997 , Legnani et al. 2005 . Field studies of Planktothrix dynamics below the thermocline are needed to improve our understanding of the drivers and persistence of metalimnetic Planktothrix blooms (Davis et al. 2003 , Jann-Para et al. 2004 , Walsby et al. 2004 . During 3 consecutive summers, we monitored Planktothrix population dynamics throughout the entire water column in a moderately eutrophic reservoir that experiences seasonal hypolimnetic anoxia. We used in situ fluorometry to document the vertical distribution of Planktothrix, and measured light, temperature, and nutrient profiles to examine which environmental factors were most important in determining the magnitude and depth of cyanobacterial biomass. We used this data set to address 2 questions: 1) What is the vertical distribution of cyanobacteria throughout the summer stratified period in each year? 2) Which environmental factors are most important in driving Planktothrix biomass at depth? Our overarching goal was to improve our understanding of the drivers of Planktothrix blooms in stratified, high-nutrient freshwater systems.
METHODS

Study site
We monitored Planktothrix populations in Beaverdam Reservoir (BVR), a dimictic reservoir in Vinton, Virginia, USA (lat 37.3164747N, long 279.8188267E), owned and managed by the Western Virginia Water Authority (WVWA). At full pond, the reservoir has a surface area of 0.39 km 2 , a catchment area of 3.69 km 2 , a maximum depth of 13 m (Fig. 1) , and a residence time of~0.9 y. During the monitoring period in our study, the water depth in BVR was controlled at~12 m. BVR is not used directly as a drinking water source, but it has an outflow pipe that flows into Falling Creek Reservoir, a source of drinking water for residents of Roanoke, Virginia (Gerling et al. 2016) . BVR was built in 1872 and currently has a completely forested catchment, but the land surrounding the reservoir was used for agri-culture before it was abandoned in the 1930s (Carey et al. 2018) . BVR experiences hypolimnetic anoxia during summer stratification, leading to internal loading of N and P.
Field methods: routine monitoring
We collected physical and chemical depth profiles in BVR every 1 to 2 wk in May to August and every 2 to 3 wk in September 2014 September , 2015 September , and 2016 . We sampled all profiles at the reservoir's deepest site near the dam (Fig. 1) . We also collected one additional synoptic phytoplankton profile at another site in the reservoir on 16 September 2016 (Fig. S1 ). Routine monitoring of additional regular sampling locations would have improved our understanding of the cyanobacterial dynamics in BVR but was prevented by logistical constraints. On each sampling date, we used a 4 Hertz CTD (conductivity, temperature, and depth) SBE 19plus profiler (Seabird Electronics, Bellevue, Washington) to collect watercolumn profiles of temperature, dissolved O 2 (DO) concentration (SBE 43 probe), turbidity, and conductivity at~1-cm intervals. The profiling rate was~0.103 m/s. We also measured Secchi depth on every sampling date. In 2015 and 2016, we measured depth profiles of photosynthetically active radiation (PAR) at 1-m-depth resolution with an LI-250 underwater light meter (LI-COR, Lincoln, Nebraska). We did not collect water-column PAR profiles in 2014. We used CTD thermal profiles to calculate the thermocline depth (the depth of maximum temperature change) on each sampling date. We used rLakeAnalyzer (Winslow et al. 2015) to calculate this metric in the R environment (version 3.3.3; R Project for Statistical Computing, Vienna, Austria).
In all years, we collected water samples with a 4-L Van Dorn sampler (Wildco Supply Company, Yulee, Florida) for analysis of total and soluble fractions of N and P. In 2014, we collected water samples at 0.1-, 4-, 8-, and 12-m depth. In 2015 and 2016, we increased our sampling resolution and collected samples at 0.1-, 3-, 6-, 9-, and 12-m depth. We homogenized each depth sample from the Van Dorn sampler in a bucket and collected 125 mL of this water for total N and P. For soluble nutrient samples (NH 4 1 , NO 3 2 1 NO 2 2 [hereafter NO 3 2 ], and soluble reactive P [SRP]), we syringe-filtered 125 mL of this water through 0.7-lm Whatman GF/F filters into acid-washed bottles. We froze all N and P samples until laboratory analysis.
We collected high-resolution profiles of phytoplankton biomass with a calibrated FluoroProbe (bbe Moldaenke, Schwentinental, Germany), a submersible fluorometer that uses fluorescence at multiple wavelengths to measure in situ concentrations of cyanobacteria, diatoms, chlorophytes, cryptophytes, and total chlorophyll a (Chl a) in units of lg Chl a/L, hereafter referred to as cyanobacterial and chlorophyll biomass. FluoroProbe measurements are closely correlated with Chl a and phytoplankton counts derived from spectrophotometry and microscopy, respectively, in a range of lakes (e.g., Gregor and Maršálek 2004 , Ghadouani and Smith 2005 , Catherine et al. 2012 , Pannard et al. 2015 . FluoroProbe depth profiles were collected at the same location and frequency as the CTD profiles, with the fluorometer set to collect a reading every 3 s, yielding~20-to 40-cm depth interval resolution. The profiling rate was~0.056 m/s.
In all summers, we used the Van Dorn sampler to collect water samples from the Chl a maximum in the water column observed by the FluoroProbe and used a Nikon Eclipse TS100 model inverted microscope (Nikon, Tokyo, Japan) at 100 to 400Â magnification to identify the dominant phytoplankton taxa according to Komárek and Komárková (2004) . In 2016, we collected water with the Van Dorn sampler for filtered Chl a analysis twice per week at the depth of maximum Chl a concentration, as measured by the in situ FluoroProbe measurements. We brought~500 mL of water from each sampling depth to the laboratory in opaque bottles, immediately filtered this water through 1.2-lm Whatman GF/C filters, and froze the filters until laboratory analysis. 
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Laboratory methods
We analyzed water-chemistry samples for total and soluble fractions of N and P to investigate relationships between nutrient concentrations and cyanobacterial biomass. We analyzed TN and TP concentrations following US Geological Survey (USGS) method I-4650-03, and analyzed NH 4 1 , NO 3
2
, and SRP according to the QuikChem Method 10-115-10-1-B with a Lachat flow-injector analyzer (ASX 520 Series; Lachat Instruments, Loveland, Colorado).
In 2016, we estimated the proportion of cyanobacterial biomass that was living vs dead at the time of collection by analyzing Chl a samples by spectrophotometry, following standard methods for the spectrophotometric analysis of Chl a and pheophytin after ethanol extraction (APHA 1998). We extracted Chl a from the filters for 24 h in 10 mL of 96% ethanol buffered with MgCO 3 , then removed the filters from the test tubes and placed tubes in a centrifuge for 10 min. After centrifugation, we recorded absorbance at 664, 665, and 750 nm on a Shimadzu UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan), then acidified samples with 0.1 mL of 0.1 N HCl. At 2 to 3 min after acidification, we recorded absorbance at the same wavelengths, and used these values to calculate the proportion of Chl a from active, living vs nonliving (senesced or decomposing) cells at the time of collection (Wetzel and Likens 1991) .
Statistical analyses
We analyzed the relative importance of reservoir chemistry (total and soluble fractions of N and P) and physics (light availability and water temperature) as potential drivers of cyanobacterial biomass (in lg/L, as estimated from FluoroProbe measurements) in BVR using time-series modeling. We examined cyanobacterial and nutrient patterns throughout the water column in all 3 summers, but focused our time series on 2015 and 2016, primarily because we did not collect PAR profiles in 2014 and only had 1 hypolimnetic sampling depth (8 m) from that year. Within 2015 and 2016, we analyzed the environmental factors correlated with cyanobacterial biomass at 6-and 9-m depths, the only sampling depths at which we observed a Planktothrix bloom throughout 2015 and 2016.
The goal of the time-series analysis was to identify the most important predictors of cyanobacterial biomass at the focal hypolimnetic depths throughout the summer season, not how the importance of the predictors changed from week to week. Cyanobacterial biomass was autocorrelated on a 1-wk time lag (r 5 0.63 at 6 m and r 5 0.47 at 9 m in 2015; r 5 0.40 at 6 m and r 5 0.74 at 9 m in 2016). Therefore, we used an autoregressive (AR) time-series model approach with the entire data set within 1 y and used the corrected Akaike information criterion for small samples (AICc) to compare alternate AR1 models with different environmental predictors. Most of the candidate environmental predictors (light, nutrients, temperature) were significantly correlated, so we compared all environmental predictors separately in models that included a cyanobacterial biomass AR1 term. We √(x)-transformed cyanobacterial biomass to meet the assumption of normality. The general form of the time-series model was:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi cyanos t11 p 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi cyanos t p 1 environmental predictor t 1 e,
where √cyanos t11 is √(cyanobacterial biomass) in the next week (response variable), √cyanos t is √(cyanobacterial biomass) in the same week (t) as our environmental observations (predictor variables), and e is an error term. To include the entire sampling period for a year in the time-series model, we linearly interpolated cyanobacterial biomass and environmental data in the early-and late-season periods when samples were collected every 2 to 3 wk so that our data set was evenly spaced on a weekly time-step. Because our data set had only n 5 17 wk for each year (with 2 wk of interpolation), we were unable to use an autoregressive integrated moving average (ARIMA) model or other more data-intensive time-series approaches. We did not include DO in our analyses, because DO concentrations at 9-m depth were below the limit of detection in both years, and DO concentrations at 6 m, when above the limit of detection, may have been affected by cyanobacterial activity. We used AICc to choose the best-fitting model predicting cyanobacterial biomass for each focal hypolimnetic depth. Last, we compared predicted biomass from the best-fitting model to observed biomass in the reservoir hypolimnion measured by the FluoroProbe.
RESULTS
Cyanobacterial dominance in the reservoir
Cyanobacteria in the hypolimnion dominated the phytoplankton community by biomass in all 3 y, and patterns of total Chl a ( Fig. 2A-C) closely matched those of cyanobacterial biomass (Fig. 2D-F) . Total Chl a was much lower in the epilimnion than in the hypolimnion (<20 lg/L in both summers), and was primarily composed of green algae and diatoms (Table S1 ). No phytoplankton group (diatoms, green algae, or cryptophytes) other than the cyanobacteria exhibited concentrations >44 lg/L throughout all summers (Table S1 ).
In all 3 years, BVR experienced a persistent cyanobacterial bloom in the hypolimnion that lasted for most of the summer stratified period (Fig. 2D-F) . Microscopic inspection of hypolimnetic water samples revealed that the cyanobacterial community was dominated (>90% of cells) by Planktothrix agardhii in all 3 y. Manual Chl a samples collected twice weekly indicated that, on average, 70% (± 0.19 [SD] , n 5 28) of biomass measured at the depth of maximum cyanobacterial concentration was living at the time of collection throughout the summer, which indicates that cyano-bacteria at these depths were active and alive, as opposed to senesced, decomposing cells having sunk from shallower depths.
In 2014, cyanobacteria appeared at~10 m depth (2 m above the sediments) in June (Fig. 2D) . The depth of maximum cyanobacterial biomass moved upward in the hypolimnion at a rate of~0.5 m/wk from May through August, reaching~7 m depth by September. The cyanobacterial bloom reached its peak biomass (92 lg/L) in late August and decreased quickly by the end of September, at which time no bloom was still detectable in the water column.
BVR exhibited hypolimnetic cyanobacterial blooms in 2015 and 2016, but cyanobacteria reached greater peak concentrations than in 2014. In 2015, the cyanobacterial bloom began to form in late May, reaching its peak concentrations (96 lg/L) in July,~1 mo before peak concentrations were observed in 2014 (Fig. 2E) . As in 2014, the depth of the cyanobacterial maximum moved upward in the hypolimnion throughout the summer in 2015 at a rate of~0.4 m/wk from~9 to~6 m. Similar to 2014, cyanobacterial biomass decreased quickly in September. In 2016, the cyanobacteria bloom began to form in late May at~9 m depth and reached a peak concentration of 140 lg/L in late June (Fig. 2F) . The depth of the cyanobacterial bloom remained~9 m until the bloom had reached peak concentrations. In late June 2016, the bloom began to move upward in the water column toward~6 m at a rate of~0.7 m/wk, and maximum concentrations decreased to~60 to 90 lg/L through July. Cyanobacterial biomass remained <~60 lg/L for the rest of the summer, with the population decreasing to below detection by September. The additional FluoroProbe profile collected at the 2 nd location on 16 September 2016 identified a maximum cyanobacterial concentration of 20.9 lg/L at 7.33-m depth, which was nearly identical to our regular sample site (20.7 lg/L at 7.36-m depth), suggesting that our focal site most likely represented typical reservoir conditions (Fig. S1 ).
Reservoir environmental conditions
BVR exhibited strong thermal stratification (Fig. 3A-C ) and hypolimnetic anoxia in all summers (Fig. 3D-F) . In all 3 y, the water column was thermally stratified when cyanobacteria were first observed in the hypolimnion (Figs 2D-F, 3A-C). The thermocline depth during the monitoring period ranged from 3.15 to 5.11 m in 2014, 2.92 to 5.06 m in 2015, and 4.5 to 7.4 m in 2016. Consequently, the depth of maximum cyanobacterial biomass was always ≥2.6 m deeper than the thermocline in 2014, ≥1.2 m below the thermocline in 2015, and ≥1.6 m below the thermocline in 2016, indicating that the cyanobacterial biomass was primarily hypolimnetic. Thermal stratification persisted throughout the sampling period in all 3 y, and cyanobacterial biomass decreased before fall turnover in all 3 y. In 2014, hypolimnetic O 2 concentrations were already depleted (<5 mg/L) when monitoring began on 14 May, and the bottom depths of the hypolimnion were completely anoxic by June (Fig. 3D) . In 2015, anoxia (<0.5 mg O 2 /L) throughout the hypolimnion was observed when monitoring began on 14 May (Fig. 3E) , and in 2016, the hypolimnion had become anoxic by the time monitoring began on 26 May (Fig. 3F) .
Release of nutrients from the sediments into the water column followed the development of anoxia, as evident from the high concentrations of TN (Fig. 4A-C) , TP (Fig. 4D-F) , SRP ( Fig. 5A-C) , and NH 4 1 (Fig. 5D-F) , and low NO 3 2 ( Fig. 5G-I ) concentrations in the hypolimnion just above the sediments. Hypolimnetic nutrient concentrations followed similar patterns in all 3 y, with slightly higher TP concentrations in 2015 than 2014 and 2016, reaching up to 93 lg/L in 2015, 68 lg/L in 2014, and 70 lg/L in 2016 ( Fig. 4D-F) . SRP concentrations were highest in the hypolimnion just above the sediments, reaching 20 lg/L in 2014 (Fig. 5A ). NO 3 2 concentrations were low throughout the water column in all 3 y (≤9 lg/L; Fig. 5G-I ) in comparison to NH 4 1 concentrations, which were >1400 lg/L at the sediments in all 3 y (Fig. 5D-F) . Within the hypolimnion, the maximum N and P concentrations occurred closest to the sediments, below the depth of the cyanobacterial biomass maximum.
PAR levels were low at our 9-m sampling depth in 2015 and 2016, but still detectable. In 2015, PAR at 9 m was between 0. 0057 ). Turbidity patterns in the reservoir largely followed the patterns of cyanobacterial concentrations in both 2015 and 2016 (Fig. S2A, B) .
Predictors of cyanobacterial vertical distribution and biomass
The depth of the cyanobacterial biomass in the hypolimnion was strongly related to light availability, whereas the magnitude of cyanobacterial biomass was driven by temperature, nutrients, and light (Table 1 , Fig. S3A-L) . In both 2015 and 2016, the cyanobacteria consistently exhibited maximum biomass in the water column well below the depth of 1% surface light ( Figs 6A, B, S3I-L) . All other potential environmental predictors-thermocline depth, depths of maximum soluble and total nutrient concentrations, and depth of maximum hypolimnetic temperature-were not correlated with the depth of the maximum cyanobacterial biomass (all r ≤ 0.08, p ≥ 0.81). Cyanobacterial biomass was negatively correlated with log(% surface light) at 6 m in both years when PAR was measured (both q < 20.65; Table S2), but these patterns were not evident at 9 m.
The best-fitting models predicting cyanobacterial biomass indicate that different drivers were most important at different depths between 2015 and 2016. AICc ranking of models indicated that cyanobacterial biomass in 2015 was best predicted by TN at 6 m (full model R 2 5 0.81, p 5 0.0001) and by temperature at 9 m (full model R 2 5 0.58, p 5 0.009) (Tables 1, S3 ). In 2016, cyanobacterial biomass at 6 m was best predicted by TP (full model R 2 5 0.51, p 5 0.0095), and biomass at 9 m was best predicted by light (full model R 2 5 0.71, p 5 0.0007). For 6 m in 2016, the TP model was within 1 AICc unit of the light and TN models, indicating that all 3 models were similar predictors of cyanobacterial biomass. For all focal hypolimnetic depths, models with light, temperature, and nutrient predictors performed substantially better than the null AR1 models without any environmental predictors (Table S3) .
Using the best-fitting model at each depth identified by lowest AICc (Table 1) , modeled cyanobacterial biomass was similar to observations ( Fig. 7A-D) . At 6 m in 2016, the high observed peak of cyanobacterial biomass on August 18 was not predicted by the strongest model (TP). Models using TP, light, or TN were equally strong predictors of cyanobacterial biomass at 6 m in 2016, indicating multiple important drivers of cyanobacterial biomass. On all other dates, the best-fitting model for each focal depth yielded biomass patterns very similar to observed population dynamics.
We excluded DO from our time-series analysis because measurements of DO concentrations at 9 m depth were below the limit of detection (0.24 mg/L) each summer, so should be interpreted with caution. However, cyanobacterial biomass was strongly negatively correlated with DO at 6 m in both 2015 (q 5 20.76) and 2016 (q 5 20.69).
DISCUSSION
In all 3 y, we observed very high cyanobacterial biomass in the hypolimnion of BVR. This population comprised most of the phytoplankton biomass throughout the entire water column. The cyanobacterial bloom, primarily live Planktothrix, remained in the hypolimnion for~100 d in each summer. Cyanobacteria remained in the hypolimnion through summers 2014 to 2016, but moved up in the water column slowly throughout each year ( Fig. 2A-F) . Sustained anoxia throughout the stratified period in the 3 y (Fig. 3D-F) promoted high nutrient release from the sediments (Figs 4A-F, 5A-I), which in combination with increasing turbidity (Fig. S2A, B) , probably contributed to greater attenuation of light in the hypolimnion as the summer progressed, stimulating the cyanobacteria to move upward.
The legacy of agriculture in BVR's catchment may play a role in promoting the current Planktothrix blooms. The catchment of BVR is currently forested, but the land was used for agriculture in the 1800s before abandonment in the 1930s (Gerling et al. 2016) . Despite reforestation, BVR experiences severe hypolimnetic anoxia and high internal nutrient loading during summer stratification, which is probably a result of a history of nutrient loading (Gerling et al. 2016) . These high-nutrient hypolimnetic conditions provide the high N and P concentrations needed to support the growth of Planktothrix populations below the thermocline. Similar conditions in other waterbodies, especially old reservoirs with agricultural landuse legacies, also may favor the development of Planktothrix blooms at depth.
Since monitoring of BVR cyanobacterial populations began in summer 2014, the magnitude of the bloom has increased each year ( Fig. 2A-F) . This increase may be related to the temperature of the hypolimnion, which also has increased with each consecutive year (Fig. 3A-C) . The mean temperature at 6 m in 2016 (12.407C) was 1.317C warmer than in 2015 (11.097C), and 2.627C warmer than in 2014 (9.787C). This observation suggests that the magnitude of cyanobacterial blooms in BVR probably are related to environmental cues, but with only 3 y of data, we are unable to perform a quantitative interannual comparison. We do not have ice-off data for the reservoir, and monitoring began after thermal stratification set up each year, so we are unable to compare the effects of the timing of stratification onset on the blooms among years. Despite some differences in the timing and peak magnitude of the cyanobacterial bloom among the 3 summers, the depth, range of biomass magnitude, pattern of upwards migration, and duration of the cyanobacterial blooms were generally consistent, compared to the high variability that is more typical of epilimnetic cyanobacterial blooms (e.g., Carey et al. 2014 ). These observations are based on just 1 focal sampling site, but data from our additional sampling location in 2016 suggests that the cyanobacterial population detected in our study extended beyond the deep hole of the reservoir (Fig. S1) .
Light is frequently a driving factor in phytoplankton population growth and vertical distribution, and the typical expectation is that phytoplankton will remain at or above the depth reached by 1% of surface light (Ryther 1956 ). However, we observed living cyanobacterial population at light levels considerably lower than this threshold: cyanobacterial biomass reached~90 lg/L at 9 m in 2015 and~140 lg/L at the same depth in 2016, where light availability was <1% of surface light. These in situ observations strongly suggest that the compensation point for Planktothrix in BVR may be at or below the depth of 1% of surface light. Moreover, our data indicate that light was the most important predictor of cyanobacterial depth in 2015 and 2016 because the depth of maximum cyanobacterial biomass closely followed the depth reached by 1% of surface light in 2015 and the depth reached by 0.1% of surface light in 2016 (Fig. 6A, B) .
These findings are similar to those of other investigators who observed Planktothrix populations stratified at very low light levels (Bright and Walsby 2000 , Camacho et al. 2000 , Oberhaus et al. 2007 ). For example, Camacho et al. (2000) observed Planktothrix populations stratified at the depth reached by 0.5% surface light over a 2-y study in a lake in Spain. Some phytoplankton taxa, such as Planktothrix, can grow successfully at depths deeper than 1% of surface light because of their physiology (El-Sayed et al. 1983 , Camacho et al. 2000 , Marra et al. 2014 . For example, Planktothrix may increase the amount of Chl a/cell volume and production of accessory pigments, such as phycobilins, thereby improving photosynthetic efficiency under low light conditions (Foy and Gibson 1982 , Post et al. 1985 , Reynolds 2006 , Kurmayer et al. 2016 . In another study examining Planktothrix biovolume in the hypolimnion of a temperate lake, Planktothrix were present at 9 m when light levels were <2 lmol m 22 s 21 (Zotina et al. 2003) Light availability in the hypolimnion was closely linked to the depth of the cyanobacterial bloom in both years, but the magnitude of cyanobacterial biomass probably was driven by light, temperature, and nutrients together (Table 1) . These environmental factors were highly correlated in all summers, indicating that cyanobacterial biomass in BVR probably responded to a combination of these factors, rather than a single predictor across all depths and times. This finding is similar to those of other investigators who have found that Planktothrix growth is closely related to both light and temperature when populations stratify at depth (Davis et al. 2003 , Oberhaus et al. 2007 or is co-limited by light, temperature, and nutrients together (Davis et al. 2003 , Oberhaus et al. 2007 , Ryabov 2012 , Arteaga et al. 2014 ). Planktothrix does not fix N, so high N and P concentrations together probably would substantially benefit the growth of this non-N-fixing taxon (e.g., Steinberg and Hartmann 1988, Anderson et al. 2002) , as we observed in the hypolimnion of BVR. Planktothrix can be grazed by cladoceran zooplankton (Oberhaus et al. 2007 ), but very few crustacean zooplankton were present in the hypolimnion of BVR in 2015 or 2016 (Carey et al. 2018) , leading us to conclude that grazing was not a significant cause of cyanobacterial depth in the BVR hypolimnion during our study. Our study provides evidence that large, persistent cyanobacterial blooms can form in anoxic hypolimnia, where it is often assumed that phytoplankton biomass is low. Chl a and pheophytin analyses from 2016 demonstrate that biomass at the depth of maximum cyanobacteria was mostly living at the time of collection, as opposed to dead, senescing material that had sunk from shallower depths. Therefore, we find it surprising that we did not observe a detectable DO increase at the depth of maximum cyanobacterial biomass throughout each summer. Cyanobacteria in these depths probably were producing O 2 , but it was immediately consumed by aerobic respiration or by chemical oxidation reactions. Moreover, the Planktothrix may have consumed most of the O 2 it produced. Thus, net primary production at 9 m was probably very close to 0, even though Planktothrix was living and photosynthesizing.
In situ fluorometry allowed us to monitor the bloom at high depth resolution throughout each summer by col- (Table 1) for each sampling depth. Cyanobacteria at 6 m in 2015 were modeled using TN and an autocorrelation term. Cyanobacteria at 9 m in 2015 were modeled using temperature and an autocorrelation term. Cyanobacteria at 6 m in 2016 were modeled using TP and an autocorrelation term. Cyanobacteria at 9 m in 2016 were modeled using light (log[% surface light]) and an autocorrelation term. Note that the y-axis scale varies among sampling depths and years.
lecting data on the vertical distribution and magnitude of cyanobacterial blooms from the whole water column in BVR. This technology enables rapid collection of near-real time data from multiple locations within a waterbody (Leboulanger et al. 2002, Gregor and Maršálek 2004) , thereby allowing researchers to expand their monitoring to include more depths and more locations within a given ecosystem (Shade et al. 2009 ). Some phytoplankton taxa, such as Planktothrix, may vary greatly in their pigment concentrations depending on environmental conditions (Foy and Gibson 1982 , Reynolds 2006 , Oberhaus et al. 2007 ). This fact should be kept in mind when interpreting FluoroProbe results. However, previous authors have concluded that FluoroProbe measurements of Planktothrix are comparable to manually extracted Chl a measurements (Leboulanger et al. 2002 . Moreover, Gregor and Maršálek (2004) and Catherine et al. (2012) found that in situ fluorometers may be more accurate than traditional methods, such as manually filtered Chl a samples or microscopy counts, for estimating phytoplankton biomass. FluoroProbes can underestimate Chl a concentrations at high phytoplankton biomass levels (Gregor and Maršálek 2004, Ghadouani and Smith 2005) , which would suggest that our estimates of the magnitude of the bloom may be conservative.
Conclusions
We observed a perennial cyanobacterial bloom persisting at and below the depth typically considered to be the lower limit for phytoplankton population growth in aquatic ecosystems (Ryther 1956 ) in an anoxic hypolimnion. Moreover, phytoplankton grew below the depth of 1% of surface light, and this population of Planktothrix had far higher biomass than any other phytoplankton taxon in this waterbody in all 3 y. Our data add to the increasing evidence that some cyanobacteria may be better adapted to low light conditions and anoxia in waterbodies than previously thought (e.g., Camacho et al. 2000) , even at depths below the often reported threshold of 1% of surface light. Cyanobacterial blooms in anoxic water have been observed in other freshwater ecosystems (e.g., Pasztaleniec 2004 , Wilhelm et al. 2006 ), but they are usually shorter-lived and interannually inconsistent, even in waterbodies with higher O 2 concentrations. Our data indicate that it is critically important to monitor cyanobacterial blooms at the surface and at depth in freshwater ecosystems as the frequency and intensity of hypoxia and thermal stratification increase because of anthropogenic forcing.
